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ABSTRACT
The possibility to detect cosmological signals from the post{recombina-
tion Universe is one of the main aims of modern cosmology. In a previous
paper we emphasized the role that elastic resonant scattering through LiH
molecules can have in dumping primary CBR anisotropies and raising sec-
ondary signals. Here we extend our analysis to all the evolutionary stages of
a primordial cloud, starting with the linear phase, through the turn{around
and to the non linear collapse. We have done calculations for proto{clouds
in a CDM scenario and, more generally, for a set of clouds with various
masses and various turn{around redshifts, in this case without referring to
any particular structure formation scenario. We found that the rst phase of
collapse, for t=t
free fall
= 0:05 0:2 is the best one for simultaneous detec-
tion of the rst two LiH rotational lines. The observational frequency falls








As far as we know this is the most favourable process to detect primordial
clouds before they start star formation processes.
Subject Headings: cosmic microwave background { early universe { galaxies:
formation { molecular processes.
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1{Introduction
If we don't suppose a reionization epoch, the Universe became trans-
parent for the cosmic radiation starting from z  1000, when the residual
ionization wasn't enough to ensure the coupling between the photons and
the baryonic matter through the Thomson scattering. As a consequence the
only information reaching us comes from a very primordial epoch when the
Universe was almost perfectly homogenous; moreover the nite depth of the
last scattering surface statistically erases perturbations of angular dimension





arcmin so that the perturbations at the scales relative
to the present structures are not observable.
The existence of this "dark age" between redshifts 1000 and 5 is further
annoying since it does not exist up to today any theory about cosmic struc-
tures formation that ts the available experimental data coming from the
Cosmic Background Radiation (CBR) anisotropies experiments, the maps
and statistical description of the large scale distribution of galaxies, and the
measurements of the peculiar motions of galaxies. In particular, the stan-
dard cold dark matter (CDM) model normalized with COBE{DMR results
predicts too much power on small scales and too large pairwise galaxy veloc-
ities.
We can understand the importance of getting informations from these
intermediate redshifts, where the protostructures have left their linear evolu-
tion phase to go into a non linear collapse. The forming proto{structures can
leave their imprint on the CBR through dierent processes: Thomson scat-
tering by ionized matter having a peculiar velocity (Ostriker & Vishniac 1986;
Vishniac 1987; Hu, Scott & Silk 1993), inverse Compton scattering by heated
gas (Cole & Kaiser 1988; Schaeer & Silk 1988), thermal emission of heated
dust at high redshift (Bond, Carr & Hogan 1991) and gravitational eect
of growing non{linear structures (Rees & Sciama 1968; Martnez{Gonzalez,
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Sanz & Silk 1990) . The rst three processes refer to an advanced phase of
the collapse or need a precedent generation of heating sources, while the last
one produces CBR uctuation only if very large structures are involved.
A dierent source of secondary anisotropies can be the elastic resonant
scattering by primordial molecules.
This component of the cosmic medium was rst considered as the main
cooling agent in the dust{free clouds responsible for primordial star formation
(Silk 1983; Palla, Salpeter & Stahler 1983; Lepp & Shull 1984).
The cosmological consequences of the presence of molecules at high red-
shifts were suggested by Dubrovich (1977). The elastic resonant scattering
can damp CBR primary anisotropy. If the scattering source has a component
of peculiar motion along the line of sight a rotational and roto{vibrational
like spectrum is produced. Beyond its spectral nature, the peculiarity of this
kind of secondary anisotropy is the no needing of the presence of hot gas or
ionized matter to be produced. For this reason the molecular signal is very
promising for investigating primordial structures during their linear phase or
the rst phase of the collapse.
In a previous paper (Maoli, Melchiorri & Tosti 1994, hereafter MMT)
we developed a complete computation of the optical depth relative to the
different primordial molecules. LiH is the best candidate to produce cosmo-
logical eects.




as a possible candidate for





for z  50; this is possible only with a high concentration




) that implies the existence of an unidentied high
redshift heating source.
Palla, Galli & Silk (1995) extended our optical depth computation to
the case of a deuterium rich universe ((D=H)
p
= 1:9  10
 4
) conrming the
importance of LiH, but nding reduced eects for the primary anisotropies
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contribution to the total optical
depth is negligible ( < 10
 9
).
In MMT we also calculated the secondary signal associated to a moving
proto{cloud during its linear evolution that is when it follows the expansion
of the Universe, in this paper we will extend our analysis to the turn{around
and the non{linear collapse phase.
In section 2 we describe the assumptions for the calculation in the non{
linear collapse, following a thermodynamical approach; in section 3 we de-
scribe the expected signal from such objects; in subsection 4.1 we analyze the
obtained results in the framework of the standard CDMmodel; nally in sub-
section 4.2 we generalize our analysis to proto{clouds of dierent masses and
turn{around redshifts, without referring to any structure formation model.
2{The phases of perturbation evolution
The problem of galaxy formation in the gravitational instability hypoth-
esis has been studied by many authors (see, for instance, Peebles 1993). It
is possible to schematize three stages of the evolution of perturbations:






) with time, following the expansion of the universe;










The radius of the uctuation (for simplicity assumed of spherical shape) has
reached its maximum value; the collapse compensates the expansion of the
universe and the perturbation appears non{moving;
3) non{linear collapse: it is the collapsing phase properly said; densi-
ty, temperature and pressure increase very quickly up to the beginning of
thermal instability and the evolution of the perturbation towards the bound
structures we observe today.
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We summarize our assumptions for the non{linear collapse. We adopt
the standard cosmological model with zero cosmological constant, we set





= 0:75; we use the thermodynamical approach; as a
toy model we consider the collapse of a non{rotating spherical perturbation
of primordial chemical composition. We ignore the eect of the cloud opacity
as well as the magnetic eld.
The derivation of the evolution laws of the cloud collapse starts from
the rst law of thermodynamics
dU =  PdV + dQ (1)
where U = 3=2Nk
B
T is the internal energy, P = Nk
B
T=V is the pressure,






;  is the cooling function, i.e.
the energy loss per unit volume and unit time. We only consider the contri-
bution of H
2





, following Lepp & Shull (1984) and the










h) (Padmanabhan 1993). It
is possible to take into account other eects in the expression of the cool-
ing function as, for example, the contributions of other molecules (HD and
LiH) or the Compton coupling between the free electrons and the radiation,
nevertheless in our case we found that these terms are negligible.
Following Lahav (1986), we introduce the adimensional variables f =
T=T
ad










is the cloud temperature for
















where X is the primordial hydrogen mass fraction,  is the mean molecular
weight and ta means that quantities are relative to the turn{around time.



















given by the conservation of energy.
In order to evaluate the cooling factor we need to follow the behaviour
of the chemical abundances involved in the cooling processes. Using the
reactions reported in table 1 and applying a steady{state approximation to
the concentration of H
 




















































The total description of the collapse is obtained by solving the dierential
equation system (2) to (4) with the initial conditions given at the turn{around


























































linear density contrast at the present epoch.
The initial conditions (5) will be xed by the power spectrum of the
density perturbations that depends on the specic structure formation sce-
nario.
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3{Signal of a primordial cloud
As previously shown in MMT, proto{clouds at very high redshifts can
give raise to a molecular signal if they are moving relatively to the Hubble
ow. This eect is given by the resonant scattering of the CBR photons by
the diatomic molecules in the proto{objects. In particular LiH molecule is
responsible for the most important eect due to its high dipole moment.

























is the optical depth of the cloud calculated at the observational frequency,
v
pec;r
is the component along the line of sight of the peculiar velocity of the
cloud and c is the light speed (see appendix).









































= Einstein spontaneous emission coecients; n
H;cr








molecular abundance relative to the hydrogen; n
vJ
= fractional population
of energetic level with quantum numbers v and J .
The goal of this paper is to nd out the expected intensity and line width
of the molecular signal for a primordial cloud during the three dierent stages
of evolution listed in the previous paragraph.
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3.1{LiH abundance
LiH molecules are essentially formed by photoassociation through the
process
Li + H ! LiH +  (9)
when the temperature of the CBR became low enough to the photodissoci-
ation process to be eective. The LiH nal abundance will be a function of
the lithium produced by the primordial nucleosynthesis and of the eciency
of its conversion in LiH.








> 5500 K (Spite & Spite 1993), and





for the same T
eff
(Soderblom et al. 1993; Thorburn et al. 1993). The
constancy of the oldest stars value is considered as a clue of its primordial
origin or at least of the negligible lithium depletion in these stars (Deliyannis,
Demarque & Kawaler 1990). Recently, however, lithium decient halo stars
were discovered (Thorburn 1992). Moreover a new class of stellar evolution
models were developed: they take into account the eect of the loss of an-
gular momentum in the lithium depletion, and explain the scattered values
of population I stars and the Spite plateau of the halo stars at the same
time. According to these models the primordial lithium abundance should
be greater than 10
 10
, perhaps equal to the highest value measured in the
pop. I stars (Pinsonneault, Deliyannis & Demarque 1992; Charbonnel, Vau-
clair & Zahn 1992; Zahn 1994). This is a part of the long standing \lithium
problem" (Signore et al. 1994 and references therein).
The percentage of lithium converted to LiH is quite uncertain: the rate
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of radiative association and photodissociation are not known and this explain
the large range of values: only 1% 10% of primordial lithium is converted
for Dubrovich (1977) and Lepp & Shull (1984), while more recently Puy et
al. (1993) suggested a value of 60% and Khersonskii & Lipovka (1993) found
a total lithium conversion taking into account the temperature dependance
of the chemical rates. The LiH primordial abundance can increase during
the proto{cloud collapse (Puy & Signore 1995).
3.2{Amplitude and width of molecular lines
In order to know the probability to detect primordial molecular signals
and to choose the best observational strategy (de Bernardis et al. 1993)
we need to work out the intensity and the broadness of LiH lines. In this
paragraph we will calculate the optical depth associated to a primordial cloud
and the lineshape of the signal in the three dierent stages of evolution
listed in the second paragraph. For the following we adopt a constant LiH
abundance of 10
 9
; being the clouds always optically thin (except at the
turn{around), the intensity scales linearly for other abundance values.
Linear evolution: As already described in MMT, in the case of a per-







) due to the dierent redshifts associated to dierent








an associated optical depth 

obs
. The shape of the molecular line follows
the distribution of v
pec;r
along the cloud; assuming a cloud of dimension D
moving with the same v
pec



























Turn{around: When the cloud stops to follow the Hubble ow, each part
contributes to the same frequency; this is the case where the line amplitude,
i.e. the optical depth, is the highest and its width is the thinnest due only
























and A are the atomic mass and the atomic number of the molecule
and the last equality is eective for LiH.
Non{linear collapse: In a more advanced collapsing phase we have to
take into account two kinds of velocities: the peculiar and the infall velocity.
The presence of the second one has as a consequence that dierent strips of
the cloud contribute to the signal at dierent frequencies.
In order to evaluate the shape and the amplitude of the line we assume
a radial prole for the density and for the infall velocity of the cloud. We
take:







where r is the radial coordinate along the cloud and ~v
c
is the infall velocity












Due to their dierent infall velocity, dierent parts of the clouds con-
tribute to the signal at dierent frequencies. We have to search for surfaces
characterized by an equal projection of the infall velocity along the line of















































where  is the angle between the infall velocity and the line of sight, ~n is the
line of sight unit vector and the subscript s refers to isovelocity surfaces (see
gure 1).









 ~n = 0 the line is characterized by an absorption and an emission
peak that turn into a single peak line (in emission or absorption depending




 ~n > ~v
c
=c. From equation (13),








It is worthwhile to stress that the non{linear collapse is the only stage
of the proto{cloud evolution where resonant scattering lines can exist even
with a zero peculiar velocity component along the line of sight.
3.3{The peculiar velocity
To have an idea of the expected magnitude of this signal we have to
study the distribution of the peculiar velocities of these proto{objects. We



















k is the corresponding
wavenumber, ~v
k

























The rms value of the peculiar velocity averaged over a spherical region

















where W (kR) is the window function.
4.1{Observability of a primordial cloud: the CDM model
Considering the CDM model, we take the associated power spectrum for
the density perturbations (Peebles 1983; Davis et al. 1985):
P (k) =
Ak




































(post{COBE normalization) and where k is the wave
number. In gure 3 we plot the spectrum given by equation (19) and the
component along the line of sight of v
2
rms
associated to this spectrum (see
equation [18]).











, which attempt the turn{around respectively at z
ta
 12; 8; 5; 3; at









However these turn{around redshifts are just indicative (they can be shifted
by some unity) either due to the statistical feature of the spectrum (19) or
to the uncertainties existing in the CDM theory of structure formation.
Results of the evolution of dierent physical quantities for the clouds
during their non linear collapse are collected in gure 4 and table 2. With
the adopted initial molecular hydrogen abundance the cooling function does
not aect signicantly the collapse, which is quasi{adiabatic.
In gure 5 we plot the evolution of the molecular signal throughout the
dierent stages of the primordial clouds evolution. The dashed lines mark




 4:55, where linear approximation is no more eective.
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During the linear phase the signal from the cloud is quite low but, as
described in MMT, it is possible to obtain values ve times greater than those
in gure 5 for transitions with higher values of J . Anyway the main problem
arises from an experimental point of view. If we want to use a radiotelescope
to detect these signals we have to take into account the problem of line width.











< 27:1. For clouds not satisfying this condition the line
width gives problems for the baseline of the spectrum, because it is necessary
to superimpose dierent spectra with a signicant loss of sensibility.
At turn{around time the signal is higher but the line is too thin (see
formula [11]) and so it is not possible to detect it with backends normally
available at radiotelescopes.
The collapsing phase is the most favorable one for both the line width
and the signal amplitude. The signal intensity goes down after the turn{
around because of the spread of the line due to the fact that only the part
of the cloud satisfying condition (13) will give a contribution to the signal.
After reaching a minimum for an evolutionary stage of t=t
ff
 0:5, the
J = 0 line intensity grows up taking advantage of the improvement of the
peculiar velocity and of the cloud density. The increase for the J = 1 line is
delayed by the depopulation towards the fundamental level. This behaviour
is more marked at higher masses because lower characteristic temperatures
are associated with the smaller redshifts at which the clouds collapse.





the J = 1 line gives the highest signal due to the (3   ) factor in formula
(6). For higher values of J the population drops down and this decrease is
no more compensated by the previous factor. For the same reason the J = 0
line is the strongest one for the clouds of higher masses, that collapse at lower
redshifts.
To search for primordial molecules signal, it is essential to be able to
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detect simultaneously two rotational lines: two signals at the right redshifted
frequencies would be the safest way to conrm a detection. If we choose, as












greater than 3  10
 4
we can identify two dierent favourable
epochs in the history of a primordial cloud evolution. The rst one is at the
beginning of the non linear collapse phase between t=t
ff




While for the J = 0 line the signal improves for growing masses, the
range of observability for both the lines at the same times is reduced due
to the drop of the J = 1 line intensity. Due to this drop, the second epoch
for t=t
ff





any case our simple model of spherical collapse is no more correct for such
advanced phases of collapse.
In the rst epoch the two redshifted lines are observable for frequencies





4.2{Observability of a primordial cloud: the general case
In the previous subsection we focused our attention on a particular cos-
mological model. In principle it is possible to extend our analysis of the rst
steps of collapse to any model. For example in a top{down scenario (such












= 10; 20; 30; 40; 50; 70, and !
B
= 0:1, without referring to any
particular structure formation scenario. Results are collected in gures 6 and
7.
At the turn{around, the smaller is the redshift z
ta




and therefore the higher is the signal. The signal is almost mass
indipendent due to the fact that the J = 0, 1 lines are optically thick at the
turn{around.
During the collapse the J = 1 line is the brightest for all the values of z
ta
greater than 10 conrming the explanation given in the previous paragraph.
Comparing to the CDM case, we have always the same two favourite regions
for detection, but they are delimited by the fundamental line intensity. The
observational frequencies are shifted towards lower values.
Studying the signal dependance from the mass of the cloud and z
ta


























is a correction factor depending on the line shape: f
ls
tends to 1





the highest contribution to the signal comes from the equatorial region of
the cloud, while f
ls





), the highest contribution coming from high latitudes
regions of the cloud where the density is smaller.
Expliciting the (z, M) dependance of the terms in formula (20) and as-
suming for 
c




































































Except for the very early phases of the collapse (t=t
ff
 0:1), the pri-
mordial clouds are always optically thin.







: at a xed t=t
ff
the linear dependance of formula (23) is
smoothed by the factor (3 )n
vJ
that decreases at high redshifts. Physically




, is partly compensated at high
redshift by the spread of the line (i.e. the contribution of the molecules is
shared by a larger range of frequencies) and the low values of the peculiar
velocity.
For higher masses, the z
ta









; in this case





) and the signal intensity follows the column density dependance.
In gure 7 we can see the signal independence from the mass of the cloud
till it remains in the regime dominated by the peculiar velocity, that is at
low redshifts, for low masses and during the initial phases of the collapse (as
suggested by formulas [21] and [23]).
5{Conclusions
Starting from a simple model of collapse for primordial clouds, we stud-
ied the possible signal due to the resonant elastic scattering on LiH molecules
in the framework of a CDM scenario and in a more general situation for




We found that the most favourable epoch for the production of a molec-
ular signal is the rst phase of the non linear collapse, soon after the turn{
around time.
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are not strongly depen-
dent of M and z
ta
, except in the double peak line regime, i.e. when the infall




). Conversely the observa-
tional frequency 
obs
and the angular size  depend onM and z
ta
. Therefore
the detection of - or even the estimation of an upper limit on - these molecular
signals will strongly constrain the various structure formation models.
Despite the weakness of the expected signals, they have very important
characteristics that can be useful for detection: the molecular character of the
eect gives to the expected signal the peculiarity of having spectral features;
therefore the local continuum backgrounds will not aect the measurements.
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with an angle 
0
respect to the line of sight. An observer O is


















Photons arriving from the cloud into the eld of view of the detector are
composed by two terms:
a) First of all there are photons passing through the cloud without being
scattered: they are a fraction e
 
of the total CBR photons crossing the cloud
within the solid angle 

obs
























= 2:74 (1 + z
cloud
) is the CBR temperature at the cloud redshift
and N
BB
is the black body photon number density.
b) Secondly, we have to consider CBR photons coming from every direc-




. We schematize the resonant scattering as an absorption followed by an
isotropic emission in the cloud reference frame. The number of the absorbed






















































































where we consider the Doppler eect on the CBR temperature in the cloud





































































































































































































































arises from the fact that the photons processed
by the cloud comes in average from a dierent frequency respect to the




is due to the non isotropic
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Figure captions
Fig. 1: Slice of a spherical cloud during the collapsing phase; the
plotted lines are a section of the surfaces contributing to the signal at the




ratio (see formula [12]).
Fig. 2: Dierent shapes in arbitrary units of the signal for dierent
ratio between the peculiar and the infall velocities with v
c
= 30Km=s. The





0; 0:33; 1; 5 respectively from the top to the bottom and from the left to
the right. It is more likely to have the double peak feature for high mass
primordial clouds at high redshift and in an advanced phase of collapse.
Fig. 3a: Primordial power spectrum associated to a CDM model (for-
mula [19]).
Fig. 3b: Rms value of the peculiar velocity obtained from the formula
(18) for the CDM spectrum.
Fig. 4: Normalized values of some fundamental quantities during the







are reported in table 2.
Fig. 5: On the top the intensity and line width (long dashed line) are






in the CDM scenario. The upper scale is the observational
frequency for the two lines. The collapse phase t=t
ff
in steps of 0.1 is also
reported in the gure. In the bottom we plot the angular dimension of the
cloud. The short dashed line indicates the


 1 region where the linear
approximation is no more eective. The molecular signal passes from a low
intensity broad line in the linear phase through a high intensity thin line
at the turn{around to an intermediate intensity line of growing broadness
during the non linear collapse.
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Fig. 6: Line intensity, line width, peculiar and infall velocity as a
function of the collapse phase t=t
ff
, for clouds with z
ta
= 10; 20; 30; 40; 50; 70






















regime at a very early phase of the collapse for all the values of z
ta
.
Fig. 7: The J = 0; 1 lines intensity as a function of the collapse phase
t=t
ff






at xed turn{around redshifts.
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